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INTRODUCTION

This quarterly progress report is the fourth of a series parually ful-
filling Contract AF04(611)10919, Large Solid-Prepellant Boosters Ex-~
plosives Hazards Study Program. The purpose of this program is to
gain additional knowledge, and to develop new techniques, for analyzing
the explogives hazard and da.mage potential of large solid- propellant
rocket moiuis.

The objectives of this program are: (l)to datermme the influence of

grain shape on propellant detonability and sensitivity, - (2) to-determine

the critical dlameter of a typical solid compoaite rocket-motor pro—“
‘pellunt, (3)to determme what changes a solid- propellant grain might

il g

—— g G

undergo when exposed to operational mishaps, and (4) to. developmethods R

to simulate and Lharactenze these alteratxons. B

SUMMARY .

'Ihe mean critical d1ameter of AAB 3189. ‘an AP- PBAN propellant adul-‘
‘terated with 9.2 weight percent: RDX," has been determincd to be 2. 66 in.
The standard deviation of the data is 0. 04 in. ‘The mean cnncal geo-
metry of AAB-3189 in the squate cross sacuon aha.pe 1a 2. 49 m. . thh

-1 standard devxatlon of 0.04" in._ E :

'lhe ‘mean critlcal dxameter of AAB -3225 (7 1 weight percént RDX) has
been deterrnined for each of three batrhea Jmalysu of the- mixing and -
_ casting records has not provided. an explanatmn for the large difference
between the critical diameter of Batch 4EH~84 material (6.36 in. ) and .
the critical dl.ameters obtamed irOm ‘Batch 4AEH-44 a.nd Batch 43!-1-107
Bamples (5.22 and 5.24 in. ). The 3ta.nda.rd devlatzon in the da.ta Ira'n :
any one batch was no greater than 0. 07 {n.- = :

Detonauon velocities have been measured in circular -cylmdncal and
square-column shapes, in from near-critical to nearﬂdeal ﬂzcl. The'
samples, composed of AAB-3189 adulterated propellant. ‘were hutru- ‘
mented to obtain reactxon~zone thxckneas data.. Amlyaia of the. dau
from these tests is being performed to deterrrine whether solid pro-
pellant behaves according to a Jonen-type detonation model .

Samples have been cast for the Jettmg pllenomem ltudy. They counut
of a series of hollow-core cu'cular cylmderu thh inner dhmeteu of
various wizes. : o :

T S i e Tt g b e T e . _—
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E Moldu have been fabricated, and casting scheduléd,“ for the critical-
. gedmetry tests oOf triangular. rectangular, and hollow-core shaped

o “\‘;;, ce na.mplea of AAB- 318‘) Supercrtt;cal samples of AAB-3225 are also

. *ready to be ca.at for use in conventxonal -..ard gap sen31t1v1ty tests.

“"“A.x.ia.l reswtam‘e proben are bemg dasxgned for use inthe mvesnganon
of the lenutzwty to 1mnanon of detonatxon of unadultera.ted propellant

- The critxcal dumeter test of a 60-in.-diameter cylindrical sample of

\unadultex'ated AP- PBAN (ANB-3226) resulted in failure of the propellant
. to sustain detonation.. The NO-GO test result agrees with: the predic-
- Ntion of the. theoretlcal model that ha.s been developed under the SO°HY

SR program.

" The testmg of an 84-~in. dnameter sa.mple, in the la.xge crxucal dmameter
.+ task, has been cancelled to allow rednection of technical effort toward
an. expanded atudy ‘of the aenutxw.ty of the detonable umdulterated pro-‘

' pellant. Om.c:xal acccptance of the proposed substxtute program preaemly

o is being sought ‘ ‘ P .

3 \'I'he experimental program to prepare propellant aa.mples contammg
controlled defects has succeeded in isolaung the paranieters most effecs
tlve in determmmg (unconnected) pore siZes and’ dutributions. Efforts

. T .are bemg made to evaluate analytlcal methodu by whlch the poroul

G propudant can be charactenzad .

3. ’IECHNICAL mscussxou I

DEVELQPME.NT OF DATA ANALYSIS TECHNI.QUES

During thin period Lwo tec)mid;ues have been in tha proceu of davélop-
- ment that will agsist in the analyus of detonation Velocxty (D).vs re-
. "duced distunce (x/d) data obtained from critzcal-geometry test records. :
' In ono. the raw distance-t:me data is put intoa computar program that

o calculates and printl out D vs %/d data and an average detonation velo- ' "

i eity over the third and fourth charge diameterp . The program il des- ‘
vl “crjbed fuuy in Sectxon . L g B

R R i P




‘ A new imethod of estimatmg the mean critical geomctry, prelm:tly being
evaluated. ‘may prove to be’ succeasiul it veducing the number of teats
‘required to provide a. statistical estimate, The method relies on the
assumption that the attenuatwn rate'of a fading detonation wave, at; a
given point.or over-a given region in the subcritical samp]e. is a simple
function of the sample size. This approach, and the resu,lt v of its apph—
c‘-xtxon. are dlacusaed in .»ec.txon 3. L 2 ‘

. 3 1.1 Computer Analynus .- D vs. x/d Data e PR

‘ In the work under this: contrar..t.,the prmc:.pal ev;dem:e used in dctat- o
mining whcther or nota aample sunt«unéd steady state dato;n.l.wn is the .
“record of detonation velocity vs reduced distance.. In'Section 3.4. 4. 2,
an exception to this criterion is discussed that apphes to materhl- gich.
as umdulterated AP-PBAN propeliant, for which the critical detonation
-velpcity is near the hydrodynamic sound velocity in the material: .In

© the adulterated-propellant formulations that comprise the samples used
in the precent pxogram, the criticail detonation veloc cities are sufliciently

- above the hydrodynamm sound veloctty to Justify application of the sus-

- taiued-velacity criterion: A -Ample ig considered to‘have detomted :.I

After approx;mately two dmmeterq of travel, t,he detonation wave pro-
" ceeds at a constant. velocity over the remammg sample length; 3 sample

isg conudared to have failed to datamte if the velocity of the detona.hxon v

wave decreases in a nearly contmuoym ma,nner along the ‘ull length of
the lample * R . v »

[]lA utatuucal test ior .teady state detomtmn over the lower uevaral cha'

‘. meters has been programcd as part of a computer program that rsduceu o |

. ‘distance- -tune data to veloe:.w -distance dita and printe the redults in’

“tabular and graphxcal form; The statistical criteria for. doterminmg ‘the e

.. occurrence of 4 'sustained detonation are developed’ ln tha followuzg
‘ te,x.t a.nd a -ampw uf thexr x"aﬂulu 15 pr esented, : S

. #In aach cutical-geometry telt daugned for t.hiu progrnm. the umple ‘

length is at least four times the diameter or minimura (.roul-'swtinml

dy.monuon Therefore, iha nua!tauksd vemuty mu-t ocaur ovn Qppro:aw :

Ey mately two diameters, "0 L R

e
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st TeecdiE

It is assumed that if steady-state det n is to occur, the detonation
velocity will appreach a constant valj' ome determinable distance
(x) away from the initiated end. 'The valué of x is varizble from sample
to sample and test to test because it depends upon the oyerboostering

level of the initiating stimulus and upon the ~harge diameter.

In this computer program, the initial value of x/d (the reduced distance
in diameters) from which the computations progress, is part of the input
data, in recognition of the need for flexibility. A linear least-squares
fit to the velocity (D) vs x/d data first is calculated using those data
obtained at all probe positions beyond the arbitrary start points except
the last. (The numerical-differentiation method employed to determ ine
velocity is not as accurate when applied to interior points. Thus, ex-
aggerated and suspect values of velocity are commonly calculated at the
end points.) The final exclusion of the end point is determined by com-
paring it with the least-squares predicted value, using the t-statistic

D-D
- " “obs (1)
t S \

D

where D is the estimated velocity, Dgpg is the observed velocity calcu-
1ated through the numerical-differentiation process, and sﬁ is the stand-
ard deviation of the estimate. If the calculated value of t exceeds the
theoretical value at the 0. 05 significance level, the end point is excluded.
Otherwise the point is included and the least-squares solution recom-
puted to fit all the data points.

/
The test of whether the event is a steady-state detor{ation is accomplished
by applying another t-statistic to the hypothesis that the slope of the least-
squares best-fit linear solution is not significantly different from zero.
The statistic is

[ (2)
*b

where b is the estimated slope calculated by the least-squares fit and
Sy is the standard deviation of that estimate, given by

~2
,2._z(D-D) )

b om-2) s (x - %P

ey
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where X = x/d and n equals the number of data points involved in the cal-
culation. Since b is the slope of the line, this statistic has n - 2 degrees
of freedom. If the calculated value of t exceeds the theoretical value at
the 0. 05 significance level, it is inferred that no steady-state detonation

occurred.

The computer prints out on the tabular page the results cf the statistical
analysis of the velocity data. Included in this printout are: {l)the x/d.
starting point, (2) the number of points used in the calculation, {3}
whether or not the end point was included, (4) slope of the least-squares
fit solution, (5) standard deviation of the slope, (6) whether or not the
slope is essentidlly zero, (7) average velocity, and {8) the standard devi-
ation of the velocity data. An example of this printout is shown in

- Table 1.

3.1.2 Estimation of the Mean-Critical Geometry by

Fading-Velocity Data

~An investigation has been in progress to determine whether or not the

fading detonation-velocity data gene.ated in NO-GO tests could be used

to estimate the critical geometry of a specified shape. It is assumed

that attenuation in a sample very near the critical geometry, but sub-
critical, would proceed at a rathker slow rate because of the almost suf-
ficient size of the sample. A smaller size sample should cause the
attenuation rate to be larger than in the above case because of greater
curvature of the decaying reaction front and increased loss of energy
by rarefaction waves. It is assumed further that over a certain {un-
specified) range of subcritical sizes, the rate of attenuation may vary
linearly with sample size. As a first approximation, the rate of attenu-
ation has been derived as an average rate over a specific portion of the
lower part of the charge.

The procedure consists of the following steps:

a. Compute the average detonation-velocity attenuation rate
over the last several charge lengths of the NO-GQO samples.
This is calculated as being the slope of a least-squares line
best fitting the velocity vs reduced distance data. {Tech-
nically, the average attenuztion rate is the negative of this
slope. )
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it with the dimension along the zero~slope ordinate inter-
: sected by the least-squares line.

Page 7 ‘
j
o !
' \ . - 0o
b. Plot the slope vs sample size for all subcritical samples. o
Fit a4 leaat=gguarer linc to these dain. .
<. Kstimate the critical geometry for the shape by equating é
j
i

This procedure has been applied to subcritical data from AAB-3225 pro- !
pellant samples cast in Batch 4EH~84. The number of data points avail- :
able in this case was eight. The graph of slope vs size is shiown in !
Figure 1. From these data the estimated value of the critical diameter '
ig 6. 50 in.

Experimental evidence given by witness-plate appearance after the tests
indicates that all samples of diameter equal to or greater than 1. 48§ in.
were GO's; all samples of diameter equal to or less than 6. 24 in. were
NO-GO's. There was no overlapping or mixed-result regions. How-
ever, the computer program, which vser th~ statistical test for zesv
slope of the velocity-distance duta to determine the GO's and NO-GO's,
considered the 6.23 in. and the 6.24-in. diameter tests to be GO's,
opposing the conclusions based on witness plate evidence, The reason ?
for this contradiction rests in part with the oscillatory nature of the !
. lower portion of cach of these particular velocity-distance plots, re-

sulting in a large computed standard deviation of the slopes that could ‘

not aliow the statistical test to reject the hypothesis that the slope was

zero. Nevertheless, it may still be true that the critical-diameter

estimated from the reduced fading-detonation data is somewhat high.

A larger sample population becanie available when the critical-gqoihetry
{ tests of cylindrical and square-column shapes were completed. These
tests involved nearly 50 samples of each shape. Twenty-nine samples
of each shape were subcritical. The material was AAB-3189 adulterated
propellant cast in Batch 4EH-86.

For each of the two shapes, the GO-NO GO results were overlapping.
Hence, unique maximum -~likelihood estimates of the snean-critical dimen-
sion could be calculated. Comparison of these estimates with those pro~
vided by the fading~velocity method constitutes the basis for judging the
accuracy of the procedure.

M T W P
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The ""’“‘l'.?'..‘.‘ 'J"‘ "lCFC vo "1.....:?.'"' data for tb" 'y SUGTT A\-Lbnﬁ a.ya..u.auba. oy

are presented in Figure 2. The least-squares best-fit line to these data,
shown in the figure has this equation:

6= -6.907+2.403 d (4)
where

6 = slope of velocity vs reduced distance
and

d = charge diameter

At 6§ = 0, the estimated value of the critical diameter d is 2. 87 in.
The maximum likelihood estimate of d. is 2. 71 in. w1th an estimated
standard deviation o1 0. 04 in. The former estimate clearly is four
standard deviations greater than the latter. Statistically, the fading-

velocity estimate fails in this case. It should nevertheless be noted
that the difference in estimates of the mean is within 6% of the maxi-
mumn likelihood estimate. :

Figure 3 plots slope vs side dimension for the subcritical square-column
samples. The least-squares best-fit line shown has.the equation'

5= -6.625+2.559 5 | | N ()

where s is the length of one side of the square cross section. At

= 0, the critical side of a square cross-section cclumn is estimated -
to be 2.59 in. The maximum likelihood estimate of the critical dimen-
sion is 2.49 in., with a standard deviaiion ot 0. 04 in. Again, the for~-
mer estimate is larger than the latter, in this case by 2.5 standard
deviations (4%).

Statistically, the results of these triale show the present procedure to
be unsatisfactory. However, the results are not discouraging, because
several simplifications were made in the formulation of this } rocedure
and revision of the procedure in accordance with theoretical ¢ snsider -
ations may yet facilitate its development into an accurate estu’natmg
tool.
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Figure 2. Critical Diamete[r Estimation from F
9. 2% RDX Samples, Batch 4EH-86.
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One outstanding factor is immediately obvious: when mixed results
occur, ‘there may be NO-GO results at sizes larger than the maximum -
likellhood estirmated critical geometry. Such was the case in both of
the test cases just discussed. The presence of nonzero data points at
the supercritical eizes would be expected to cause the least-squares
line to be biased in that direction. It appears that results cbtained in
the mixed-result region may be discarded legitimately when assembling
data for analysis by the fading-detonation method.

3.2  THEORY OF CRITICAL GEOMETRY (PHASE I)
“3.2.1 Variance ‘an‘d Mean-Critical Geometry

3.2.1.1 ' Test Objective

The object of this subtask is to evaluate the variance in critical-geometry
test data obtained from circulé.r-cylindrical and square-coluinn shapes,
cast from AAB-3189 (9.2 weight percent RDX) adulterated propellant.
Knowledge of the ‘magnitude of the variance, and the effect of sample
shape on this quantity, are essential for the proper design of the critical-
geometry tests that are to be performed in Subtasks 3.3.2 and 3.3. 3.

A large variance would require that sample sizes be selected 'that lay
within the expected region of mixed results and that a. partxcu,lar distri-
bution of thesc sizes be selected to permit an accurat: estimation of

. the mean-critical geometry to be made. QOn the other hand, should the
‘material exhibit a relatively small variance, of the order of the smallest

increment in charge size that the particular series reasonably will allow,
the number and distribution of the sample sizes that should be tested
would be quite different from that required under the previocus set of
conditions.

Batch-to-hatch variation also is studied in this subtask by statistically
comparing the mean-critical diameters and the variances cf all the
batches cast. It is vital to be assured of minimal batch-to-batch varia-
tion before initiating an extensive critical-geometry test series.

o aB A e




s

—

probes are put.

3.2.1.3  'Test Results

- of the GO-NO GO population is shown in Figure 5. .

'3.2.1.4 . Data Analysis

3.2.1. Z Test Setup axid Inatgﬁmghtatioh

The critical-geometry tess setup uses a high -‘exploiive‘”(Cq'rﬂﬂpt(uiufm B) | |

booster, the propellaat ac.eptor, a raild steel witneas plate, and an '
icnization-probe/rasteroscillograph instrumentation systéni. The:

booster is a solid right circular cone, of height equal to three base dia- .

meters. The acceptors are at least four diameters, _or four square-
side lengths high. In this particular subtask,the witness plate used
is hot-rolled mild steel, 6-in. by 6-in. by 3/8-in. thick, supported at -
least 1 in. above the ground. . A e
The ionization probes are inserted at points along th‘e,““sidé’, of the test .
article to a uniform depth. -Assurance of equal spacing and correct .

‘angular placement is by means of @ machined guide bar that directs’

the tool that is uged to foim the holes in the sample into which‘vth)_e )

i B P

" Two “a‘c‘ceptabl‘lé batchesto.f AAB;3 89 propéll_zinf. that iﬁc“l-udé'd”ﬂsvlix'npigs

tested under this subtask, have b‘:éer‘r‘c‘ast sinte the programibegan.

. The nominal dimensions and numbers of E',amples'“‘a‘t.gadh dimension b s
are shown in Tablé 2. : S g

- The results frowm the‘Batch;QEH-éS";es‘l‘;a have bein»i’reported'preﬂoq:suly .

. (Reference 1). " A suramary of the results pbthinedw{r'om“;n” additional .
‘48 critical-diameter tests (Batch 4EH48§%) is given in Table 3.". The

samples are listed'in order o: increasing diameter,. and,’ for thoae of “

the same diameter, in order of decreasing density.’ “The BntchiEH-ﬂb .

GO-NO GO results are shown grapbically in Figure 4.. -

Table 4 presents the results of 54 critical-geometry tests perforfmed on .

" o

the square column shapes cast in Batch 4EH-86. A graphical diaplay

o

Maximum likelihood estimates of the mean cri‘t'.i‘.‘q;i"'l"di.u"nqtém“fl'l!xi,‘thhq .

standard ceviation of the Batch 4LH-86 material are 2. 7] incand .04 - R

in., respcctively. "Since there was ofie reversal in the square-¢

I
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Table 3. Test Results, Subtask 3.2.1
Solid Cylindrical Samples.

Average Detonation Std Dev. of

Density Resuit of Velocity Velocity Test
(gm/cc) Test fmm/usec) (mm/sec) - Do, 3.2.1
1.731 No-Go - - 76
1.728 No-Go - - 14
1. 726 No-Go - - 77
1.722 No-Go - - 75
1.726 No-Go - - 9
1.725  No-Go - - 86
1.724 No-Go - - 81
1.723 - No-Go - - B4
1.722  No-Go - - 85
1,722 No-Go - - 80
1. 722 No-Go - - 78
1. 721 No-Go - S a3
1.721 No-Ge - : - 8z
1.721 No-Go - § - 87
1.727 No-Go - - 96
1.725 No-Go - - 95
1. 725 No-Go - - 93
I.725 No-Go ‘ - - 88
1.724 No-Ge - - 97
1.724 No-Go - - 94
1. 724 No-Go - - 31
1.724 No-Go - - 92
1.723 No-Go ‘ - - 89
1. 721 No-Go - . 20
1.728 ° No-Go ' - ) - 99
1.727 No-Go - - 100
1.727 No-Go - - 104
1. 726 No-Go - - 105
1. 725 No-Go To- - 1ol
1. 722 No-Go - - - 106
1.728 Go & 412 0.23 5403
1.727 Go 4.19 0. 11 2102
1.718 No-Go v - - 58
1.732 Ne-Go - - 1158
1.729 Go 4.21 0.10 rit
1,729 Go 4.25 0.10 114
1.729" Go 4.25 c.lo S
i.728 No-Go - - 112
1.727 Ge 4.25 .03 109
1. 727 No-Go - - 113
1,727 Go 4.29 . Y 108
1. 724 Go $.28 3. 09 11e
1. 724 Co {no record} - 107
1.731 Go 1. 21 [ANS 120
1.725% Go 4.29 0,13 119
1,730 Go 4.27 N UH 118
1,729 Go 4.27 3.7 121
1728 Gio 4. 18 n.19 117

Average Density 1.726 gm/cc
Standard Deviation 0. 0031 gm/ex —
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i
C
Lante 4. lest Reaults, Subtask 3.2. 1 *
Solid Square Columns. { %
Side Dimension Averagr Detonation Std Dev of Test :
Mean Std Dev Density Result of Velocity Velocity No, ' 3
; (in.) (in. ) (gmi/cc) Test (mm /psec) (mm /psec) 3.2.1 5 ‘
1
2.22 0.012 1. 726 No-Gu - - 152 ‘
.22 0. 024 1.723 4 - - 154 !
2. 2% 0.010 1.723 - - 124 ;
2.23 0. 006 1. 724 - - 153
i 2.23 0. 006 1,723 - - - 122
2.24 0. 006 1. 724 - - 125
2.27 0. 009 1,722 - - 157
2.28 0.011 1.723 - - 156 |
2.29 0. 029 1.723 - - 126
2.29 0. 009 1,723 - - 127
2.30 0. 019 I. 725 - - 155 ]
2.31 0.008 1.727 - - 132 '
2.31 0,017 1. 724 - - - 125 f
2.32 0. 014 1. 721 - - 129 :
2.33 0. 010 1. 723 - - ‘ 133
2.34 0.015 1. 726 - - 128
i 2.34 0.017 bor21 - - 134
2.35 0.014 1. 724 - - : 158
2.38 0. 050 1. 727 ~ - 159
2.40 0,028 1.729 - ~ 135
2.41 0.031 1.730 - - : 136
: 2.41 0. 030 1.727 - - 137 .
’ 2,42 0. 011 1. 723 - - 138
2.43 0,012 1. 725 ‘ - - 142
' 2.43 0. 037 1. 724 ' - - 139
? 2.45 0. 010 1. 730 - - 140
2.45 0. 010 1727 - - 160
2.46 0,016 1. 729 1 - . 130
2.46 0. 004 1. 729 No-Go - - 141
2.50 0.015 1.728 Go 4.12 0.211 131
2.50 0.012 1. 726 Go 4,23 0.075 146
2.50 0.018 1. 723 Go 4.27 0 078 161
2.51 0. 007 l.723 Go 4. 16 n,28l1 145
Z.53 0.015 1.728 Go 4. 30 0.051 144

LR NI

LTy
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Std

Deviation Density
Mean (in.) _{gm/cc)
2.54 0,010 1. 727
2.54 0.017 1.726
Z.55 0.0l4 i.723
2.57 0. 015 1. 726
2,58 6. 024 1. 728
2.58 0. 024 1. 724
2.60 0.0io0 1. 726
2.62 0. 010 1.726
2.62 0.013 -
2.63 0.027 1. 728
2.63 0. 025 1. 725
Z.65 0,011 1. 729
2.68 0.021 1. 727
2.68 0.019 1. 726
2.68 0.022 1.725
2.68 0.0l0 1. 725
2.68 0.016 1.723
2.70 0.011 1.729
2. 70 0.008 1.726
2.72 0.023 1.727

Average Density

1,725 gm/cc
Standard Deviation 0.0023 gui/ce

Average Detonation Std Dev of Test
Result of Velocity Velocity No.
Test (o /psec) (mm/psec) 3.2.]
Go 4.26 0,053 143
Go 4.31 0. 124 162
No-Go - - 147
Go 4.28 6.111 164
Go 4. 23 0.108 - 149 )
Go 4.28 0.078 163 ’
Go 4,27 0.124 165
:Go 4.28 0,053 148
Go 4.29 0. 64 150
Go 4. 35 0.046 149
Go 4.29 0.070 168
Go 4.35 0.064 167
Co 4.26 0.070 151
Go 4. 34 0,069 166
Go 4. 31 0.060 172
Go 4,30 0. 091 175
Go 4.27 0.075 174 |
Go 4.29 0. 087 173 f
Go 4. 34 0. 059 170
Go 4. 32 0 054 171
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data (i. e., a NO~GO response occuxring at a size greater than the
smallest size at which a GO reaponse waa obgserved) maximum likeli-
hood estimates of the mean critical geometry and the standard deviation
can be calculated. These values are 2.49 in. and 0. 04 in., reapec-
tively. Since the standard deviations from the two sets of data are
identical, no statistical test of their siruilarity is necessary. It is con-
cluded that variance, which is the square of the standard deviation, is
independent of shape in this instance. Because the square is similar

to the circle (i. e., solid, nonacute),extending this conclusion to all
shapes would be unsound. Since a large number of equilateral triangular
cross-scction shapes will be tested in the critical-geom~entry subtask
(see Section 3, 3.2), it will be possible to evaluate the effect of shape

on variance for an acute shape when those tests have concluded.

3.2.1.4.1 Evaluation of the Critical-Geometry Theory

The critical-geometry theory states that for a given material, there is
one critical geometry for all shapes. The critical geometry is equal to
4A /P, where A is the cross-sectional area and P is the total perimeter
of the critical size. For a solid circular cylinder, 4A/P = d, so that
at the critical size, the critical geormetry is the critical diameter. For
a square cross-section, 4A/P = s, where s is the length nf a side of the
square, Thercfore, the theory predicts that the critical geometry of a
square shape is equal to the side length of the critical square. If the
theory holds for squares and cylinders, 8 _ should be equal to d.
Combining all the critical-diameter data comipiled on AAB~3189, in-
cluding that generated under Contract AF 04(611)9945, the mean critical
diameter is 2. 66 in., with ¢ standard deviation of 0. 080 in,

Comparison of the predicted 2. 66 in. with the experimental mean
square critical geometry of 2.49 in. shows the theory predicts a critical
geometry approximately 6% too large for the square. Using 2, 71 in.,
the critical diameter of Batch 4EH-86, the comparison shows an over-
estimate by the theory of approximately 8%. These findings are com -
pletely consistent with those found for the same material under Contract
AF04(611)9945, SOPHY I (Reference 2). From the SOPHY I data, how-
ever, the overestimation seems to be the same for all nonsolid-
cylindrical shapes, which iinplies that there is one critical geometry

for all such shapes and that its value is approximately 0. 92 d,.




Batch Variations

Since statistical tests of the SOPHY I data and that from Batch 4EH-85
(Referenf e 1) showed batch-to-batch differences, Eatch 4EH-86 w: - cast
to invesbggate the variation more fully. Comparative statistics .rom the
three populations are shown in Table 5, and a graph of the compined
GO-NO GO resmlts is shown in Figure 6. It should be pointec out that
the SOPHY I data, although it is treated as one population, actualiy in-
cludes the combined results from three batches of propellant. The total
number of samples, however, is still much less than the number tested
in either of the recent batches. Also, the SOPHY I material was mixed
and cast on a different line area at Sacramento; the batch size was 800 lb,
compared to the 2000-1b batch size in SOPHY II. Different mixing equip-

_ ment and personnel were used in the previous effort. It might be ex-~

~ Table 5,

pected that under these circumstances, with the large number of differ-
" ences between the two casting operations, the data could reflect the
ihtroduction of such para.met'ers.

" ‘Inspection of Table 5. reﬁeals that the results from Batch 4“1—1 86 are

~ almost identical to those from SOPHY I. In fact, the 95% confidence

- ellipses for the mean (p) and the standard deviation (¢}, calculated for

' this batch, is completely contained within the elhpse drawn from the
SOPHY I data (Figure 7). This figure shows the ellipse drawn for
Batch 4EH-85 as well, and the data indicate that a significant difference
 does exist between this batch and the two other sete of dota.

- Another statistical test, the likelihood ratio statistic, shows that the
three sets do not come from populations with the same cumulative nor-
.mal response function. . This test states that -2 In\ follows the chi-
square distribution approx1mately, where

i
rﬁx

Inx =1n L -lnl.  -InL_ ~inL {6)
1 2 3
Ly is the maximized sample likelihood of the combined set of data
and L1, L2, and L3 are the maximized sample likzlihoods for the indi-
viduil sets. In this case, the chi-square distribution hasthree degrees of
freedom. Substituting in Equatiorfp the In-likelihocds prasented in

Inn = -20.12

.
-1
~—r
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Figure 7. 95% Joint Confidence Ellipses
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h ;"I‘herefore, = 40.24. The probabdity of observmg thm value -

_thh three degress of freedom is less than 0. 0001. It mugt be mferred
“by this test that the sam ples do come. £rom diﬁerent populatmns

e within-batch st.andnrd devmtlons Ior Batches 4EH 85 and ~86 are

) 1dent1cal (Table 8). The s:andard deviation from the SOPHY I data in-
'cluﬁes batch-to-batch variation as well as within- batch variation, since
it is a pooled set of data from three batches. Sirmla.rly, when all th
‘AAB -3189 data are pooled, giving a mean critical diameter of 2. 66 in.,

the standard deiation {0.08 in. } contains both the w;thm-—batch and the

&tch -to-batch variations. Subtracting the thhm-batch variance
0 001 6-~in. squared) from the total variance (0. 9064 -in. squared), t
a:tch to- batcb standa‘ﬁ':rd devxa.tmn is estlmated to be 0 07 1n

rrors and dlmensmn_al nonumfornnty is one order of
an those calculat"”" ‘“:frorn the GO -NO GO data  The

data.

3.2.2.2 Test Setup and Instrum,entation

The setup and 1nstrurn9ntatlon for these tests are zdent al to that in
Subtask 3. 2.1 except that the witness plate is a’ 12=in. by iz-in.- hf

3/8~in. thick plate. The larger plate-ls required because the sar o5 —

have twic the diameter of the AAB- 3189 samples. The Jmaterial -
tinder this subtask is AARBR~-3225, whlch is an AP PBAN formulat;e :
adultersted with 7.1 weight % RDX. ' ~

#

. P -
JERPUTRAN-SRRUSCHIPASS. Sratiovingeepydyetapnyy
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. Test Results

A ves of AAB 3225 have been cast for this subtask. Results
j ftWo previous batches, 4EH-44 and 4EH-84, have been re-
ported m prevmus quarterly reports {References 3 and 1, respectively).

a
‘ f—! 107 was cast to provide additional information on the appar-
ently. ge batch-to-batch variation in the mean critical diameter of
‘this;material. The test design for this third batch was identical to that
o8 .for Eatch 4EH-84 (Reéference 1).

’ %

Twe results of the tests are shown in Table 6. The need to cover a

I: ji'ge range of diameters in this test design precluded the casting of
ore than two samples at any of these cizes because of their weight

‘ nd'the 2000-1b limit on batch size. The test results are composed of
hi_ne"”GO-NO GO data points. Testing at the larger sizes (greater than
5 in.) serves no purpose once the critical region is establisiied to

Data An#lysis

3.2. 2.4.1 Calculation of p and o

‘Mixed results occurred only at the 5.25-in. ~diameter. For results of
~ this type, the maximum likelihood estimate of the mean is given by the
‘test level at which the mixed results occur, 5.25 in. ; the maximum
likelihood estimate of the standard deviation must be zero. The latter
estimate is difficult to accept. One estimate that appears to be more
realistic is that obtained by combining estimates derived from two other
estimation techmques, i. e., the minimum overlapping subset method and
the two subset method * (Reference 4). Applying these techniques to
the data yields an estimate of the standard deviation of 0. 07 in.

3. 2 2. 4 2 '~ Comparison with Previous Data

.Swﬁ' ;a;y stahstxcz from all three batches of 7. 1% RD2
soli idtcylindrical samples arc shown in Table 7 is
results obtained from Batches 4EH-44 and —107
and that they disagree strongly with the results o

_4EH-84. S

1
btat u.d from Baech

St
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Table 6. Test Results, Subtask 3.2.2 (Batch 4EH-107),

' ) W e Avvragc . | St';i Dcw S
- Mean . S LT Detonation o of e
~Dianyeter Résult. - Velocity - Valocity . K
wfbged of Tent “P“ﬁ’"*‘*”"?’ - kam/psec) “"t “1““_’;‘4
o CNesGo . . Lo 3235? e
5.25, 6o w08 o9 ConmEse
) 5.49 Go e Coom Uvagsy
5.49 ' Go 4. 11 owt 1ztm
f 5 74 . Ga “4».35 | i | .
. 5.75 u Go 4.17
5. 99 (‘.';q‘ 4, 26
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A, statistical test of the hypothesis that the data from Batches 4EH-44
az}d -107 come from populations with identical cumulative normal res-
ponse functions can be made using the likelihood-ratio criterion des-
cribed in Paragraph 3.2.1.4. For these data, the In-likelihood ratio
is': caleulated as
!
1

In\n =-10,13 + 8.15 + 1. 39 | (8a)

= -0.59 | (8b)
Therefore,

CZer1s | )

The probability of observing a chi-square value of this size with two
degrees of freedom is approximately 0.55. Hence, it is concluded that
both sample batches come from populations with the same cumulative
normal response function. E '
An exact statistical comparison of all three batches is somewhat diffi-
cult since it was impossible to calculate a likelihood for the Batch
4EH-84 sam’ples. However, the fact that the mean of this batch differ-
s(ignificantly from the means of the other two batches is obvious; the
batch means differ by more than 1 in. with a within-batch standard de i-
ation of 0.07 in. It is statistically hard to believe that this large of 2
variation in batch means could be attributable to normal batch-to~-bat.:h
variation. In fact, applying the Dixon-Mood criteria for extfeme me:ns
to this data (Reference 5) it can be shown at the 0. 05 significance level
that the Batch 4EH-84 mean is a statistical outlier with respect to t-e
o@her?two rmeans. !

$ i i :
Si;nce'the lélrge difference in mean critical diameter exists between
Batch’4EH<=84 and the other two batches, some explanation is required.
Tfo this date, all effor%s at identifyin!i”chemical or physical diffcrence
have }peen unsuccessful. The compogitions of the three batches, as
judged from the preparaiion data, are identical. Furthermore, Batch
4EH-44 was bayonet cast, while the other two were vacuoum casi. X-ray
reporis show that only Batch 4EH-44 s::tmples contained large amounts
of pores visible by th.is technique, yet microscopic examinatior of sam-

.ples from this batch could not detect porosity in the 12 to 100, .diameter

pore-size region. Density measurements on sections from zsmples
remaining from all three batches are being performed to dizr.
whether there is a correlative difference in sample density - :tween the

- —_—

batches, ~

ver

ﬂ i
™
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3.2.3 Detonation Velocity as a Function of Size

3.2.3.1 Test Objective

In developing the Aerojet detonation model (Reference 2), a modified
Jones detonation model was used. The purpose of this subtask is tc

‘determine the vahdity of the Jones-type model to composite adulterated

propellant and to determine further the perturbations to the rnodel that
may be required when investigating a noncylindrically shaped sample.
In this case, the square cross-section column was chosen to test the
model’s applicability.

3.2.3.2 Test Setup and Instrumentation

The setup is similar to that used in Subtasks 3.2.1 and 3.2.2. The
three exceptions which hold in the tests under discussion here are

{l) no witness plate is employed since all samples are supercritical,
(2) the probes are distributedto instrument the lower half of the sam-
ple since the object of the test is to determine the average detonation
velocity, and (3) one or two conductance probes are used to obtain data

‘that may provide a means of measuring the reaction-zone thickness.

Degcéi'iption of the conductance probe method has been given in a pre-
vious report (Reference 3}, The propellant formulation is AAB-3189.

3.2.8.3 Test Results

The results of the detonation-velocity measurcments in the cylindrical
and scuare-column shapes are shown in Table 8. The conductance-probe
measurements are shown in Table 9. The average detonation velocity
and conductance-zone length for each size is presented in Table 10.
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Tuble B, Averipge Dotonatior Velocitie s for Sapereritical
QAW N DR AdulieraLed Damploes.
A. Solid Civenlar Carlindoera
Average Std. Dev.
Size Velocity of Velocity
(in. ) {foam /psec) (_mm_/psec) Test No,
12 (dia) 4.74 0.189 3.2,3.1
4. 77 0.100 3.2.3.2
4.7 G. 083 3.2.3.3.
8 4. 70 0. 065 3.2.3.4
4. 7] 0. 035 3.2.3,5
4.7l 0. 041 3.2.3.6
4.170 0.110 3.2.3.7
4. 67 0. 160 3.2.3.8
4, 72 0,029 3,2.3.10
4. 69 0. 012 3.2.3.11
; 6 4, 62 0. 096 3.2.3.23
4. 68 0. 140 3.2.3.28
4,52 0. 085 3.2.3.37
4 (dia) 4. 46 0. 086 3.2.3.25
4. 48 0. 051 3.2.3.31
i 4. 54 0. 100 3.2.3.35
?’-.' B. Solid Square Columns
1 ; 6.0 (side) 4. 62 0. 057 3.2.3.27
% 4. 64 G. 049 3.2.3.22
i 4. 64 0.197 3.2.3.38
! . 4.7 4. 63 0. 105 3.2.3.21
i | 4.55 0. 077 3.2.3.26
. 4. 54 0. 001 3.2.3.36
4,56 - 3.2.3.30
3.5 4,53 0. 091 3,2.3.19
4. 45 0 046 3.2.3.24
4.45 0.121 3.2.3.29
4. 44 0. 035 3.2.3.34
3.0 (side) 4,39 0. 029 3.2.3.1%
3 4. 44 ¢. 085 3.2.3. 16
‘_‘;‘f 4. 49 0. 244 3.2.3.17
2§ 4,36 0, 082 3.2.3. 1%
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Conductance -7 onc
Thickness
(in. )

No
No

10.

2z
° 4
o -

OO =Wl NWN

6

[
No

5
No

s
o

Nao

20

U o -] =)

w &

3

data
data
5

-
=

.4
.0
data
.4
.9
data

data

Table 9. Conductance-Frohe Moo aurteoyniante  Boldaal. 203 09
Cylindode
Detonation Pulse
Test No. Size Velocity Width
3,.2.3- (in. ) (mm / psec) {psec)
1 12 (dia) 4, 74 No data
2 12 4,717 No data
3 12 4,77 56
4 8 4,70 33
5 8 4,71 37
6 8 4.71 37
7 8 4. 70 50
8 8 4. 67 30
9 8 No data 34
10 8 4, 72 38
11 8 4.69 50
23 b 4. 62 40
28 6 4, 68 42
33 6 No data 40
37 6 4,52 40
20 4 No data 40
25 4 4.46 34
31 4 4.48 32
35 4 (dia) 4.54 32
Square Columns
22 6 (sirle) 4. 64 35
27 6 4. 62 33
38 b 4. 65 Mot clear
2 4.5 4,63 30
26 4.5 4.55 33
30 4.5 No data 30
36 4.5 4, 54 32
Y] 3.5 4.63 22
24 3.5 4.4h5 30
LY 3.5 4.45 Not ¢lear
14 3.5 4. 44 30
15 & 4.139 14
16 3 4. 44 13
17 3 4. 47 22
18 3 (side) 4.36 2.2

[EMERT VR L O
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Tabhle 10, Average Detonation Velocity and

Conductance-Zone Length.

Avcrage
Detonation
Size Velocity
(in.) (mm/psec)
12 (dia) 1.76
8 4.70
6 4.61
4 (dia) 4. 49
6 (side) 4. 64
4.5 4.57
3.5 4.47
3 (side) 4,42

Average
Conductance-Zone
Length
{in.)

10. 5%
7.0
7.2

6.1

6.2

5.6

*This is the result of one test and should be g0 weighted.
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3.2.3.4 Data Analysis

.

3.2.3.4.1 Correlation of Detonation Velocity and Size

The refined detonation model presented in Reference 2, Equation 18,
atates that

“epx|| ; & v
kD~ (=) -1
2 I+ e -
d= 27 172 (1o
B [1- (/D))
where
d = charge diameter
D = detonation velocity
dRDX = average RDX particle diameter
c = equivalent weight fraction RDX to account
for othor hot-spot initiation gites
f = weight fraction RDX
B = Arrhenius rate expression tor the linecar
pyrolysia kinetics of ammmonium perchlo-
rate (AFP)
.'IZ',)',l = ideal detonation velocity
kK, G = constants

B can be exproessed as a function of Ty, the surface temperature of thoe
regressing AP particles,

B =0.00000 ¢ exp (21, 500/RT ) (11)

anel Tu van be exproesaed as follows:
T = 1824 +i8. 4 p Dz' - 00137 p “ ].‘)4 (12)
8 3 3]

where Py i the AF bulk density in the chargo.
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yguation 10 can be reduced, therefore, to an expression for d as a funcw
tion of one parameter, the detonation velocity D. A computer program
15 Leiay wriiben hat will use the detonation-velocity data and calculate
corresponding diameter data. Correlation of the calculated diameters
(dca.lc) and the experimentally measured diameters (dexp) will be printed
out, for visual interpretation, as a dcalc V8 deyp plot, with a straight
line through the origin of slope equal to one for refevence. Other plots
that will be printed include (1) a D vs dgy)c curve with the (D,dexp)
points plotted and (2) a g(f) va d.p]c curve with the {,7f), dexp) points
plotted. The g({f) function (Reference 2, Equation <6) ia given by

D
n [1-(D/Dif']

glf) = 77 (1.3)

Correlation of the experimental data with that calculated will juetify the
use of the modified Jones detonation model ia tlie SOPHY program,
These calculations will be made for both shapes tested.

The velocity data presented in Table 8, when plotted against a reduced
diamcter (d/d,) or reduced square~side dimension (s/¢.)s gives an inter-
esting correlation between the two shapes (Figure 8). By normalizing
the data in this manner, one curve c¢an be generated, which fits both

sets ol data.

The theory of critical geonietry states that fo; a given material there
is a critical geometry that is the same for all shapes. The critical
greometry is defined by ‘

N . 7.
0(_‘, P v

g is the critical geometry
A s the cross-~sgectional area
P is the total perimeter

and the subscript ¢ vefers to the vritical size,

BT A S
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o of noncircular-cylindrical shapes, but it is smaller than d. by 6 to 8%.
; Therefore, the appropriate means of obtammg normalxzad-aiza data

for a give. shape would be to divide 4A/P by o.. Fdr the special’ case, ‘
f‘ the solid circular cylinder, the norma.lmed dianieter should be obtm.ned ‘
N by dividing 4A/P by d,. For the circle and the square, 4A/P equa.ls d

and s, respectively. Therefore, in F1gure 8, the abscissa m d/dc and
s/o.
C

Page 37
' ' b
! The theory also states that o = du the critical diameter. However, the |
implication from SOPHY I tests is that a. 18 nPar]v rnn-fanf fow & wari A&-,— . !
$
{
|

3.2.3.4.1 Conductive-Zone Lengths

TR

A SR

e

A study of the conductance probe and its ule in determzmng reaction—

. zone thickness made obvious the need for more intensive theoretical"

. analysis of the conditions most likely to exist in the high- conductmg ) U
region found in demnatmg propelldnt.‘ o ‘ Lo N

I The bulk of 1nvest1gat10ns mto the use of conductam‘e probeu for reautlon»
~ zone measurement have been concerned with high explosives - ;

I‘ {(Reference &). In high exploawea the reaction-zone thickness, whxch is

A the distance from the detonation front to the C~J surfnce, is vgry small-
compared to the distance from the detonation frou. to the axial inter-
section of the rarefaction regiona. Since high explosives aze generally =~ {
either composed of one homogeneous conipound or two hxghly reactwc . b
apua ies, their reagtlon times are vety short. : ' i

5

Little continuing reagtion ‘should be expeded‘l‘;‘mhind the C»J buria{r'e;

subsequently, there should be a rapid decrease in the conductlvity
lewvel behind this surface. Under these condxuons comluctwity probeu
should faithfully map the reaction zone.

L i 2

In the case of composite propellants, however, reaction times are much . i
longer and many side reactions occur. It is difficult to believe that the B

C-J surface, in a propellunt detonation, would include before it the re- o
ploninwhichall these reactions reached completion. Instead, the :

highly ionired region in which these reactions are progressing may quite

logically extend behind the C-J surface. Conductance probe measure-

o, ments wmade in composite propellant samples may be recording a region
' of greater thickness than the defined reaction zone. This possibility has

A occasioned the substitution of conductance-zone length for reaction-zane
f length in describing the experimental data generated by the ¢onductance

' probei.  Further study of the problum is in progress.

m:m-:—[;mlﬂ:ﬁ&-‘:‘!ﬁéﬂm"-’ﬁm@-}_'??l“r?-"-"_

e

aimzvm | won e
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- M. JetungPhenﬂm e;uaStudv ‘ i
i H “ E S 3 2 4 l Talt ObJect ve . “ S EE
5, .‘ “ q S B Cntical«geometry teata on hallow-core cylinders. uai'xg end-on booatur ‘ *1
x‘ A i initiation techaiques rnodified for'this, type: of acceptor s}mpe, Fevealed - e
7 SR B . 2. that @ new phenomenon was occurring (Referem.e 2). In. brief, sustained- S
‘, n "o %o detonation wam obsefved to degenerate into a failing datonation when Lo
o R T “samples wore talted that had web thickneases larger than the predicted
E ‘ criucal thickness. ‘Weh thickneas describes the distance from the irner
PR n ‘ B surface to the outer surface of a hollow«-c.ore sample. The length of © L
AR L ‘the charge over which the detonatwn waa uustamed increased ‘when R
o} thicker ‘webs were: tolted Eventuauy 2 samn ple was teated. that had’ n
K ﬂ onough mnterinl in its web to perrhit'the- -uut,tmnd detonat.:.on to con~ ‘ e
i ‘ tinuq tb the bottam end of tha namp]e ‘ ‘ ;%
k A & “ R e It was proposed that the reason £0r the unuaual behavim- o! the ho.‘llow R
- ' ~ tharges was the unaveidable formation of.a-jet within'the core, forman. 0 z |
. S S tion wad umvotdable because of the roquirement thaﬁ no conﬂ.nomcnt R
f .- . . bhe appliad to the u.mplea being tented ) : | {
e ot The ijec:t of thu subtauk is to ntudy detonation in houuw L.ore sam les g o
R N ples . = ]
i }! ‘ " -with appropriate inatrumemabmn to. provxde data from whlch the jetting‘ ‘

phenomenon and ite efiect on the detonation behavior can be better

‘ ;' . understood.’ ‘ipeciﬁcahy, the effect of core diameter on the propeuant o
- j* ‘ l " reaction in samples having 1denhca1 web thxckmaueu WLH be studiad. .
3 . ‘ Alao to be studwd 1s the queaLwn ‘of whether a.ny nmul‘ dinmeterwcune”
' ] - hollow cyhnder can be considered supercritical in/the classical sense, '

‘ ‘ T i.e., is it poysible for there to be a finite web thickness for’ such a
- BT sample which will suiétdin detonation over an- infxmtc length when suf- .
! I ficlently initiated? The pex tinence of this question ruults because in the
critical-geometry tests scheduled for .SOPHY II, innet diatnetnrs of
. - the hollow-cote.cylinders will be 1.5 and 3 i, If such a size sample 5
l ~ can be expected to form a jet that does cause the louguudlnally-dlructed .
detonation wave to attenuate at.some point, dependent on the web thick- -
. ‘ nesy, it is clear that there will he ne rm\l critu.al geometry bec.ause
l‘ . no supercr:tiual region um;ta P
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3§2.4.2  Setup and Instrumentation

e hollow-core sample will stz{ndbn a suitable size witness plate and
. be initiated at the top by a solid, conical, high-explosive booster, ex-
. cept for the exceptionally large ID samples, which will be initiated by
‘ a specially-designed annulaor-shape booster. To prevent jet formation
vy the booster, either a Plexiglas plate will be placed between the
booster and the acceptor charge oi';:a piug will be inserted or cast into
the ID at the initiated end cf the acceptor.

'Ionization probes will be inserted iénto the propellant sample perpen-
dicular to the axis of the charge. One column of probes will have their
©  tips aligned to coincide with the axis, the second column will be in-
] s?érted a distance equal to 2/3 of the web thickness, and the third column
~ will be inserted to a distance equal to 1/3 of the web thickness. Each
column will be monitored by a diiferent rasteroscilloscope and a com-
mon t.me reference will be furnished by a pulse delivered simultaneously
to each scope soon after the scopes are triggered to sweep. In this way
data will be accumulated ti a1 will permit a mapping of the detonation
wave and jet positions at variou: times. The effect of the jet on the
.. shape and orientation of the detonation wave will then be revealed.

3.2.4.3 : Current Status

The sampies have been cast and will be tested in September. Table 11
shows the dimencions of the samples and the number of samples at

each size that have been cnst. The propellant formulation is AAB~-3189.
The critical-geometry theorv, which does not account for interactions
such as have been seen to exist in samples of this shape, predicts a
critical web thickness of 1.25 ia. (1/2 (rc).

3.3 THEORY QOF CRITICAL GEOMETRY (PHASE 2)

W
g
33

Detonation Velocity 2¢ Function of 3ize

This subtask is designed to he an extension of the study in Subtask 3.2. 3,
tn be initiated if the results from Subtask 3..2. 3 indicate that zample
geometry affects the relatinonship between size and the detonation velocity
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Table 11.

,4 Test No. of
Group* Samples
| A 4
A 4
A 4
A 4
A 4
A 4
A :
Bai 4
B 4
B 4
B 4

iD

(in.)

0

0.

.06

12

.25

.50

. 75

o
2
f
1

Test Group B; Size constant, length varied

Nominal

OD
{in. )

2.9
3.0

3.1

"*Test Group A; Web thickness constant, ID varied.

0977-01(04)QP
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Sample Size and Distribution for the
Jetting Phenomena Study, AAB-3189.

Length
{in. )

14

14

14

22

28

36
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and reactiofizone thickness. In order to fill the propellant batch from
whick samples for the triangular critical-geometry and the jetting
phenomenon subtasks were cast, several supercritical triangular sam-
ples were cast so that they would be available for use under this sub-
task.: These samples will be tested in September. ‘

All the molds for the remainder of the samples intended for this sub-
task have been fabricated, so that as soon as the results from Subtask
3.2.3 are analyzed, it will be.possible to initiate plans to cast them if
needed. The other shapes include circular-core and cross-shaped-
core hollow cylinders, with two different perforation sizes for each
shape. The propellant formulation is AAB-3189.

’;‘ 3.3.2  Critical Geometry

3.3.2.1 Test Description

The purpose of these tests is to evaluate the critical-geometry model,
= (4A/P)C, for several shapes. It is a more intensive study than

that performed under Contract AF04(611)9945, to provide better esti-
mates of the mean critical geometry foreaci shape. The solid samples
will' be of two cross-sectional shapes: the equilateral triangle and the
rectangle. The hollow-core circular-cylindrical samples will be
circular-core and cross-core shapes, with each shape tested in two
dlfferent size perforations. The sample formulation is AAB- -3189.

' The standard critical-geometry test setup will be employed, using

Ltoosters of cross-section matching that of the solid shapes, i.e., tri-
angular and rectangular cross-sections; for the hollow-core samples,
tne booster arrangement will be similar to that emyployed in Subtask
3.2.4. The criterion for dztonation in the solid shapes will be the
observance of a sustained detonation velocity over the lower half of
the sample. The interpretation of the hollow-core sample data will
depend on the results of the jetting phéncmena study in Snubize- 3.2, 4.
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, 33.%22 Progre°s

= A.11 molds for thls subtask have been fabricated and propellant casting

perat1ons have begun. Several 2000-1b batches are required to pre-
‘pare these samples. Each batch will contain eight solid-cylindrical

' samples, in sizes near the mean critical diameter, to provide an esti-
‘mate of the mean critical diameter of the batch. The numbers and

- dimensions of the samples being prepared for this series are given in
Table '12.

- Smce the;cntlcal -geometry theory states that the critical side of an
o equ:.lateral trlangula.r coluxnn, b

c is given Ly

b =3 o S (14)

-selection of 0. 10-in. increments in b will permit the calculation of o
- to within 0. 06 in. maximum.

In determining the critical geometry of a rectangular cross-section
shape, the technical approach this year will differ from that adopted
under Contract AF04(611)9945. In the previous program (Reference 2)
the various samples all were cast having the same width and lengtk but

' different thicknesses. The object was to determine the critical thick-

ness for the width being tested. Using the critical-geometry theory
under this set of test conditions, the predicted critical thickness te
would be given by

e x+1
t. = (—'—"—2x ) T . (15)

where x is the ratio of width to thickness (x > 1 for 'rectangle) and o
is the critical geometry of ths material. From Equation 15 it is clear
that t. is always less than o.. When testing a series in which the
variable is smaller than o, the increments in which that variable (t)
is taken must be sin:ilarly smaller than the increments in which o,
was determined, to preserve the same accuracy in the two determina-
tions and permit niea.ningful comparison between the t, (experimental)
and the i, (predicted). Increments in critical-diameter tests this year .
are approximately 1/16 in. A difficult situvation would exist if the
rectangular cross-section sarnples were tested in the SOPHY I design,
because mcrements{below 1/16 in. in thickness require dimensional
tolerances tlghter than can be economically applied to the rectangular
shapes. '

Lt
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: Table 12. Critical—Geomﬁ Sample Description, AAB-3159.
Equilateral Triangular Cross-Section
Side of Samrple
No. of Triangle, b Length
Samples , {in. } {in.}
x 5 4.05 20
5 4.1¢ 20
5 4.25 20
5 4.35 20
5 4.45 20
} 5 4.55 z20
Rectangular Cross Section
,, ; Thickness of Width of Height of
No. of Slab, t Siab, w Slab

- ) o ‘ Samples . (in. ) {in. ) {in. )
’ 30 1-3/4 12

Circular-Core Circular L;yhrg‘er

No. of iD oD Sample Length

Samples {in.) {in. )} {in.)

L 5 1.5 3.62 2C
5 .3 3,75 AN

5 1.5 3.88 20

- 5 1.8 4.00 20
5 1.5 4.12 20

s 5 1.5 4.25 20

' 5 3.0 5,12 24

5 3.0 5.25 2

5 3.¢ 5.38 e

5 3.0 550 o

5 3.0 5. 62 24

5 3.0 §.75 e

g i
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o Table 120 (lang g ), ‘
i
! Crass~Coie Cirenlar Cylinder
i
Lot Width of Sample |
No. of GLross, 38 oL Liength i
Saaaples {in. ) (in. ) (in. ) 1
. 5 | 3.62 20 1
1 1.5 3.7h 210 i
5 1.5 3.84 20 ,
5 L5 4. 00 a0
_rr; 15 1.1z 20 |
5 Loy 4,46 20 |
5 3.0 514 24
5 3.0 5,25 A
; 5 3.0 5. 38 2+
5 3.0 5.50 24
H 3.0 .64 24
i h 3.0 5.5 24
*Shape of crogg-coro: ~J'"—L] Each ario of cross is a square
" uf dide vgqual to 4 1
1A
N
;

E
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The test design adopted for gritical-geometry testing of the rectangular
samples will call for samples of constant thickness and length and varied
widths to find the critical width for the given thickness. The theoretical
prediction under these conditions is that

b_/x+1)
o (
c .

Wc»-\ 2x

ot
(423
-

where w. is the critical width. From this eguation it is clear that w, is

“always greater than ¢_. The sensitivity of the critical-gecometry tests

is improved by using width as the variable, because it zliows greater
latitude in selection of size increments without jeopardizing the com-
parison with theoretical predictions.

Since w is the variable and x therefore is not constant it is necessary to
use the following equation to determinc the theoretically predicted we in

terms of t and i
t o
c
W =
c 2t - T ' (7

In the hollow-core samples, the increments in OD are 1/8 in., whicl
means that the increments in the web thickness wiil be 1/16 in. By ¢he
critical-geometry theory,

o)

critical web = = ﬁ | (18)
;
so the incximents are twice that used in testing for the critical side of a
square colurnn and the critical diameter of a solid cylinder. Smaller
‘ncrements in the web thickness arc beyond practical considerztion.
Te match the 1/16-in. incroments used in the solid cvlinder and
column tests would require 1/16-in. increments in the OD of the hollow
samples. Tube sizes are not available to mest suck renuirersont

LU o

economically.
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3.3.3  Verification of Theory
"The purpose of this subtask is to determiine the validity of the critical-
‘geometry theory by testing a material (AAB-3225) that has a critical
diameter different from AAB-3189. Progress in this subtask must follow
‘the satisfactory completion of Subtask 3.2.2, in which the critical dia-
‘meter of AAB-3225 must be resolved, and it also awaits results from

;the critical-geometry tests to be performed in Subtask 3. 3.2.

i3.3.4 Initiation Pressure vs Pulse Width
?The study of sen’sitivity to initiation of detonation c.fixsforna.rily has con-
‘sisted of Plexiglas card-gap tests. Data was acquired, under SOPHY I,
“on the card-gap sensitivity of AAB-3189. It is’of further interést to
‘investigate the amount of sensitivity of this material whren subjected to
an impulse of longer duration than that in Plexiglas, to determine
whether the minimum shock pressure necessary to initiate a sample of ~
‘a given diameter is affected. ’

. This subtask will consist of tests in which the sensitivity of a super-
‘critical-diameter sample of AAB-3189 will be tested either by the flying-
iplate technique or by an underwater technique such as that described by

. Liddiard (Reference 7). The former method'is being analyzed at this
tlme to determine its applicability to this test requirement.

L2

.3.5.  Initiation Pressure vs Diameter

[0
W
o

.1 Test ObJeciive

s,tudy is to deterrnine the sensitivity of AAB-3225
propellant to init lon of detonation by the conventional Plexiglas card-
gap method. A hparison with the sensitivity of AAB-3189 wUl Pro-~
vide qualitative information on the cffect of RDX weight fraction on sen-
sitivity, tc allow a crude first estimate to be miade of the vensitivity of
unadulter:ted propellant. :

The purpose of t‘

s
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As pa.rt of this subtask, supporting i:ests will be conducted to determine
the shock wa.ve-ve10c1ty attenuationthistory in the large= diameters that
will be used in the ¢ard-gap tests., The overall explosive weight of the
boosters and accepirs that will be involved in these tests preclude cam-
era documentation of the attenuating shock wave in the card-gap test
itself. Separate attenuation measurements will calibrate the card-gap
tests by relating the shock velocity and distance traveled in Plexiglas.

To determine the shock pressure of the wave entering the propellant, the
Hugoniots of Plexigl?s and AAB-3225 are required. The former is
known. The latter mrust be determined experimentally. To do this, the
method described in ﬁeference 2 will be used. This involves the shock
loading of a column comprised alternately of Plexiglas discs (1/4-in.
thick, l-in. diameter) and microtomed propellant wafers {(nominally

0. l-in. thick). Streik camera coverage of the backlighted event will
provide data on the shock velocity at each Plexiglas-propellant inter-
face and the transit time through each propellant wafer. From these
data it is possible to derive points on the propellant Hugoniot by the
Hucomo';-reflectxon method (ReferenCe 2).

i <,,,
£ .

2 Progress

, Molds are being fabricated in diameters of 6, 7, 8, and ¢ in. for samples

‘ to be cast from AAB-3225 propellant. When these samples are cast

' (requ1rmg two 2000-1b batches), additional samples will be cast from

¢ the game batches to determine the critical diameter of each batch.

@' Thege control samples will provide more data that is necessary to Sub-
task 3.2.2 in de§;mln1ng the critical dxameter of this formulation.
Propellant wafers ‘wili be microtomed from surplus AAB-3225 pro-
pellant at Aero_]et Chino. Plexiglas discs with polished flats are being

{ finished, and the Hugoniot test series will be performed in September.

3.3.6 Sensitiviéy of Unadulterated Propellant

.3.6.1 Test Objectives

(W]

Since it is clearly imy .ctical to conduct card-gap tests on super -~
critical, unadulterated, composxte prepeilant samiples, and it is equally
desirable that the sensitivity of this material be determined, a method

. —_—
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to;zest.mate sensitivity by subcritical testing is required. In this sub-
taék the objective is to evaluate the use of the axial resisiancc-probe
techmque as a rmeans to arrive at the minimum critical shock pressure,
P¥, required to initiate detonation of adulterated propellant AAB-3189,
and,if the technique does succeed, to determme Pk for unadulterated

, propellant ANB-3226.

3) 6.2 = Background

3.3.6.2.1 Probe Performance §

R

'Thle axial resistance probe has been used for some time in the study of
‘deflagration-to-detonation in high explosives (e.g., References 8, 9,

and 10). The probes consist of a nichrome wire and copper wire, cither
caBt in the sample parallel to, and equidistant from, the axis or wrapped
onk about the other to form a coaxial probe. The probe is shorted by the
highly ionized medium immediately behind the shock front. As the
detonation wave moves down the sample the resistance of the probe is re-
duéed in direct proportion to the reduction in the length of the probe lying
ahead of the shock front. The resistance probe is in a constant~current
'cn‘cult, with the changing voltage being monitored on an oscilloscope.

As the length of the probe ahead of the advancing wave diminishes, the
resistance in the circuit diminishes, and since the current is held con-
stant, the v jage in the circuit drops. The oscilloscope trace records
voltage vs real time and, since the current'level is known, the resistance
vs time data are easily computed. Since the probe is made t¢ - known
resistance per unit length, it is a straight forward step to cu: vert to

distance~-time data. The axial re51stanc ; probe thus supplie: a continuous
record of the behavior of the detonation’wave at the axis.
3.3.6.2.2 Theoretical Basis for Application to Sub-

critical Sensitivity Testing

There are three major assumptions involved in the theoretical justifica-
tion for applying the axial resistance-probe technique to subec-itical
sensitivity tests. First, the material near the axis of a suburitical cylin-
drical charge will not react differently from that in a supercritical or

i
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ideal diameter charge until the effects of the incoming rarefaction reg-

ions are communicated to it. Experimental evidence obtained in SOPHY I

during the testing of supercritical'samples initiated by boosters that had

diameters below the critical diarneter of the acceptor (a nearly parallel

: example) showed such to be the case (Reference 2). Ina test that re-

. .the detonation wave attenuation profile in the acceptor revealed that
- along the axis the wave was sustained at a constant velocity over the first

- and at a velocity equal to the detonation velocity in AAB-3189 propellant.

' The second assumption is that in the card-gap testing of a very subcritical

sulted in failure to initiate detonation because the booster was too small, i

diameter of the sample (4 in. ). Finally, of course, the wave began to
attenuate. The important fact is that momentary sustainment did occur,

o A e s e e

sample, the small diameter will not reduce the time during which the velo-
city is sustained along the axis to an immeasureably small value. In the

.‘example cited above, the sample diameter was nearly 60% above d. and
;. the shockwave from the booster was not attenuated before reachmg the

propellant surface. Under these conditions, the sustainment lasted approxi-
mately 20 psec.

The third assumption is that P%, the minimum shock pressure required

f’;‘ to initiate detonation in an infinite-diameter sample, is not significantly

dlffer;nt from the mlmmum shock pressure requlred to initiate chemical
reaction in the material.

If the second assumption holds, .one would expect to find a shock pressure
above which the velocity stabilizes for a few microseconds and below
which the velocity continuously decreases. In this event, determination
of this pressure would be by noting the lowest pressure that produces

a linear portion in the output of the probe. This pressurs should be re-
lated to, or equivalent to P,

If the third assumption is true, telow P there may be iasufficient ioniza-
tion produced to electrically short the probe, and the minimum pressure
at which any pulse was generated could be considered as an estimate of
Pk,
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~Sincé the precise probe reaction will not be evident without some ex-
p‘fgtirf;ental data, the first step that will be taken is to test samples of
‘AAB+3189, the formulation for which the initiation criterion was de-
I veloped in SOPHY I. Using an axial probe in each subcritical sample,
“card-gap tests will be conducted at pressures above and below the P*
t~;'eStiri;1ate_d from the available data. The oscilloscope trace records will
be studied to determine if any change in the voltage curve is repeatedly
:ﬁf'c’abse’é:'vec}?'t‘o occur at a egpecific and narrow pressure range. If a change
-is observed, that pressure below which the change occurs will be com-
'?_},pa're,‘d tolthe estimated P*. If the two values are comparable, the method
A will }ia.v? been considered proven, and small (< 12-in. diameter) sam-
giﬂes iof ANB-3226 will be tested to determine the minimum pressure
" below wﬂich the same change is observed. That pressure will be con-
: s}dé%ed to be a reasongbly acceptable estimate of Px* for ANB-~3226.

3 3.%6.
: ﬁ Bt
‘The %:wo itypes of probe design that are candidates for use in this subtask
are ﬁhe paraliel-wire probe and the wrapped probe. The former con-
sists of j:wo copper wires and one nichrome wire placed near, and parallel
to, the c:harge axis. The latter is made by wrapping the coated nichrome
~ wire spirally around a heavier copper wire. The sensitivity of the wrapped
-prob;e is‘éadjustable by the number of turns per unit length, and it is cer-
‘tainly greater than the sensitivity of the parallel-wire probe if the same
:;,_size;nicfxrome wire is used in each design. Greater strength can be built
‘into‘a wrapped probe by using a larger diameter nichrome wire. A sen-
”;‘.;fsiti‘jity reater than that of a 40-gauge straight wire (2 ohm/cm) is easily
Chi'{ vec;l with a 32-gauge wire wrapped around an 1/8-in. diameter rod.
oo
+ The %attx‘?ibutes of both designs, including cost, accuracy, sensitivity, and
étrehgth, are being evaluated at this time. Unless the wrapped probe is
" too costly to be produced in the small quantity required for this series,
~ some samples will be cast with each probe for experimental evaluation.
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LARGE CRITICAL-DIAMETER TESTS

Test Objective, Test CD-98

eliarge critical-diameter test program in SOFHY II was to experi-
lly determine the detonation behavior of vnadulterated (ANB-3226)

pg;o;)bllant, using the SOPHY I detonation model to select the appropriate

test sarnple sizes. The SOPHY II test results are not intended to pro-

: fv%’de additional data for the SOPHY I model, since the test configurztion

is n ‘longer an unconfined, single segment (Section 3. 4. 2).

'.The occurrence of a sustained detonation in the 72-in. ~diameter test
(CD- 96) made the choice of diameter for the CD-98 test fairly simple.

In a previous test, an unconfined 48-in. -diameter sample containing

Test Setup, CD-98

st art1c1e consisted of a 60-in. ~diameter by 240~in. high, four-
segment solid-cylindrical propellant acceptor weighing 43, 20C 1b, and
a 60-in. base diameter by 180-in. high, stackea, conical TNT booster
that weighed appro:qmately 10, 700 1b.

The propellant sample was instrumented with T-2 targets, lonization
probes, and ionization-mechanical probes to provide thre: velocity-
measuring systems, each of which covered the frll iength of the sample.
‘The progressive electrical shortings of the probes and T-2 targets
were recorded on separate rasteroscillographs located in the control
building.
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The propellant sample was also fitted with an argon window, 6-in. wide,
long the full length of the acceptor. A Beckman and Whitley streak
amera recorded the event; the camera slit was lined up with the argon
indow to ensure sufficient luminosity to obtain a distinct streak record.

In the field, {Kistler pressure transducers were mounted at gage stations
' "along the 't ee instrumentation legs to a distance of 1500 ft (Figure 9).
Peak overpressure and impulse data were recorded from these blast

gages.

oplem of obtaining reducible radiometer data had bcen studied

the weeks prior to this test; it was finally attributed to the fact
’,’r;“adxometers were mounted in steel supported enclosures. Eval-
uauon tests showed that the radiometers were very effective when thev
were shock mounted in a simple wooden stand. This radiometer mount
des:.gn 1solates the detector from the severe high frequency vibrational

] waves, which can be transmitted to it by a steel structur'> The excessive
EIP I nmse on the records, such as those produced in the -in, diameter

test, ongmated from the steel support.

Photographic coverage from the ground included (1) 16mm cameras,
ﬁsing color film, rimning at framing speeds of 64, 400, 1000, 4000,

and 8000 fps; (2) a 35mm camera running at 6 fps; and (3) an infrared
sensgitive film in a éamera operating at 400 fps. Helicopter-borne cover-
‘ageiof the event was cancelled because the helicopter encountered sta-
‘b1l1ty problems. Docu.mentary coverage of&xe event, using a 16mm
.-’fcamera located 1-3/4 miles away from the test site, used color film run
fat so £ps ¢ -

3.4.3 Tést'Results, CD-98

¥

. 3. 4 3.1 General Observations

?ng!h-speed cameras recorded, and eyewitnesses observed, that many
bur”ning propellant fragments were thrown o££ by the 60-in.~diamecter
sample. The propellant fragments were thrown to a distance of 2500 ft,

FIN

e
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and appeared to emanate from the lower third cf the charge. The tra-
jectory of most of the fragments from a distance appeared to be nearly
horizontal, a few large chunks wzre sent high in the air. Burnt pro-
pellant and burning brush were in evidence throughout the test area.

Large pieces of the aluminum restraint fixtures were recovered, some
as large as 4 ft by 1 ft. Their size was typical of that expected from a
nondetonation.

The witness plate was in position at ground zero, resting on a slight
mound. The plate was slightly dished, but bore no sign of indentation,
and it was intact except for the loss of the lifting lugs that had been
welded upright at the corners.

The detonation~velocity data obtained from threc sets of probes, each
different, and from ihe streak camera record, are shown in Figure 10.
The rate of attenuation of the velocity is more gradual than has been
observed in most NO-GO tests, but the data do agree with the expected
behavior of an attenuating wave near the hydrodynamic sound velocity.
This matter is discussed further in Section 3.4. 4.

Peak overpressures from the 60-in. test arc shown against a series of
Kingery TNT curves in Figure 11. These overpressure data are ten-
tative, awaiting calibration of the blast instrumentation. For compari-
son,the 72-in. diameter peak overpressure data are shown in Figure 12.

- The two sets of data are also presented in Table 13.

The radiometer data, measuring the thermal flux at 400 ft and 500 ft

~ ranges reduced to a maximum flux of 3.5 w/cm? at the near station

and 2.5 w/cm? at the far station. These fluxes represent the level
incident on the radiometers at the distances and are not meant to be
estimations of the radiation flux at the fireball surface. Both radio-
meters recorded the pulse duration to be 6.5 sec.

3.4.4 Interpretation of SOPHY II Critical-Diameter Data

3.4.4.1 SOPHY 1 Criteria

In the SOPHY I critical diameter program (Reference 2) the nature of
the detonation velocity-distance curves obtained from pin-probe and
streak-camera data and the effects of the steady-state or fading deto~__
nation waves on steel witness plates were used to classify the detonation
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VETafble 13. Observed and Calculated Side-On Overpr :ssure and TNT
Equivalences in the 72~-in. and the 60-in, Critical Dilameter Tests.

(IMPORTANT The data presented in this table are preliminary. Their values are

lhbject to change pending further reduction and analysis. } :
- 5, TNT Equivalence

Peak Side-on OverpreuureT From Measured From Calculated
Measured Calculated Overpressure Overpressure
Radial (psi) (psi) (%) (%!
Direction 72-in,  60-in. 72-in.  60-in. 72-in.  60-in. 72~in.  60-in.
{o'clock) Test Test Test Test Test Test Test Test
2 Ak 125 - - ek 199 - -
6 LI ko - - ok e - -
10 wox 126 - - e 201 - -
2 54.0°  31.0 - - 223 177 - -
6 50.3 25.4 - - 208 129 - -
10 * 24.2 - - ooox 120 - -
Ho o 20,2 10.7 o o 193 128
6 L L 19.9 10. 4 He ke 188 121
10 ok sk 19. 6 10. 4 e Rad 184 121
2 10.1 6.12 - - 155 124 - -
6 * 6. 90 - - : * 157 - -
N 10 Aok 6. 68 - - ke 147 - -
2 ke _ Aok 6. 81 4. 11 sene e 136 103
6 i ok 6.71 3.98 el ek 131 95
10 ok ok 6. 35 4.24 oo e 128 110
2 5. 82 3.91 - - 177 160 - -
6 * 3.74 - - S 145 - -
10 5.51 3.79 - - 151 150 - -
2 2.98 2.09 - - 132 127 - -
6 2.90 2.05 - - 126 121 - -
10 2.95 2.22 - - 130 149 - -
2 1.45 ek - - 92 PO - -
6 1.72 1.09 - - 145 91 . -
10 1.57 Aok - - 115 Hee - _

fMeuured overpressures are derived from Kistler tranaducer measurements. The calculated
overpreuureo are calculated at midpoint dutancfn between Kistler transducer stations from
‘whichitime-of-arrival data are available. The calculations are performed using an equation
erived from the Rankine-Hugoniot equations:

)

= peak overpressure on tlie shock {ront
ratio of specific heats for air
test-site atmsopheric pressure
velocity of shock front
sound velocity at tes: site

woun ouwoan
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behavior of RDX-adulterated propellant samples as supercritical or
subcritical. Samplzs whose velocity-distance curve became essentially
horizontal after the initially overdriven wave had propagated about half-
way along the charge, and which either punched the witness plate or pro-
duced definite metal flow, were considered supercritical. If the wave
velocity showed a nearly continuous decrease along the entire length of
sample, and if the witness plate was intact and either dished or undam-
aged, the sample was considered subcritical.

These criteria clearly distinguish between supercrirical and subcritical
behavior in a material if the steady-state detonation velocity is (1) high
enough to transmit a sufficiently strong shockwave to the steel witness
plate to punch it or cause metal flow, and (2) is sufficiently above the
hydrodynamic sound velocity so that the fading detonation wave in a sub-~-
critical sample will not fade so slowly that its velocity-~distance curve

is undistinguishable from that of a supercritical sample. Inthe SOPHY I
tests, although the steady-state velocity at the critical diameter was '
found to decrease with decreasmg RDX content, the value for the sam-
ples of lowest RDX content was h1gh enough so that all of the critical dia-
meter data could be 1nterpreted in terms of the criteria as originally
formulated

In the course of the SOPHY I program two phenomena were noted which .
correlated perfectly with the velocity-distance and witness-plate criteria,

, and whi-h could serve as supplemental criteria for classifying detonation

behavior. First, it was noted that the witness plates from GO reactions
with propellants of low RDX content were extensively broken up while
those from NO-GO's were dished but intact. Second, examination of
the documentary and Fastax films showed that in all of the tests that
were classified as NO-GO's by the velocity-distance and witness~phte

criteria, pieces of burning propellant were expelled laterally from the

charge. No burning propellant could be detected in the film records of
the GO's.

i

3.4.4.2  Analysis of SOPHY II Test Results

- The two SOPHY II large-critical-diameter test sizes (72-in. and 60-in.
‘diameter) were chosen to give 2 GO and a NO-GO reaction with un-

adulterated propellant, according to predictions of the model {(Refer-

jence 2). In terms of the supplemental criteria developed in the SOPHY I

e
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r«‘prc’gram, the 72-in. diameter test was an unequivocable GO and the
60-in. diameter test was an unequivocable NO-GO, i.e., in the 72-in.

- diameter test, no burning propellant could be detected in the documen-

tary and Fastax film records, and the witness plate was extensively
fractured; in the 60-in. diameter test, considerable burning propellant
was ejected from the charge and the witness plate was cished out un-
broken. A cursory examination of the velocity-distance data showed
that the curves for the two tests were quite similar (Figures 10 and 13),
coriirming an earlier conjecture that at sufficiently low critical deto-
nation velocities, there might be no apparent differences between sub-
critical and supefcritical curves.

Because of the sirhilarity between the D.vs x curves for the 72-in. and
60-in. diameter tests it has been necessary to examine them in greater
detail in order to use them to classify the tests as supercritical or sub-
critical. For this purpose, both curves have been compared with D vs x-
data for a subcritical sample of an aluminized AP-PBAN propellant
sample of similar composition (Reference 11) and with data for the
attenuation of an unreactive shock in Plexiglas (Reference 12). The
data for Plexiglas are shown in Figure 14, where the observed velocity
is plotted vs the reduced distance, x%/d, that the shock wave has pro-
gressed into the Plexiglas. (Although the data are for a 0.5-in. Plexi-
glas column, a previous, unpublished analysis indicates that the plot
of shock strength vs x/d is nearly identical for Plexiglas columns with
diameters varying by a factor of 12. )"

It is apparent from this plot that even in the case of a nonreactive shock,

the rate of decay is so gradual at x/d = 4 that the curve appears essen-

tially flat, although still appreciably above its hydrodynamic sound velo-

city. Hadkthe material been a propellant instead of Plexiglas, the original
¥

D vs x criterion would bave classified the behavior as supercritical.

In Figure 15 the data for the 72-in. and 60-in. diameter tests are com-
pared with that for Ple:iiglas and the data for a subcritical (22-in. dia-
meter) sample of aluminized AP-PBAN propellant. The velocity data
for the three propellant samples is expressed as the difference between
the observed velocity and the (estimated) hydrodynamic sound velocity
{assumed to be the same as that previously determined for RDX-adulter-
ated propellant containing 9.2 weight percent RDX, i.e., ~ 1900 mm/
psec (Reference 2). ‘

e
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The comparison of Figure 15 indicates that the D ve x curve for the
00~in. aiameter test closely follows the curve for the subc. itical (22~
“in, diameter) test and the curve for the atténuation of an unreactive
¢ rock in Plexiglas. The curve for the 72-in, test, however, is dis-
tinctly different. It approaches a steady-state velocity (~3200mm/psec)
which is considerably above that reached in the nonreactive cuives at
the same position (x/d = 4). The 60-in, test is thevefore judged sub-
~ critical and the 72~in. test supercritical, in agreement with the ciear"
- .cut classxfxcanon bv the supplemental criteria.

-
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 This analysis c‘leaxly demona‘t‘rates that the approach of a detonation
_wave to an apparenily steady-state value somewhat abové the hydro- ' i
~ dynamic sound velocity is ot adequate: evidence of supercriticality when
the critical velocity of the compogition is near its bydrodynamic sound
., velocity. In the present case, consideration of this data in conjunction
 with the other evidence has permitted a clear distinction to be made.

« B o

-

e m————— e

' . 3.4.5 Fireball Data, CD-96and CD-98

| o The 72-in. diameter test (CD-96) and the 60-in. dianeter test (CD 98)
were reécorded by a number. of high-speed canieras.  The films were
. ‘ read for fireball diameter and height. The data were fmally plotted as
i ¢ ' ' firetall growth, ‘cver the first 100 msec, and fireball size history, during.
o i the first 5 sec. Fireball diameter is taken to be the maximum horizon-
o o \ J - tal chmensmn of the fireball; fireball height is the maxinmum vertical

B l : - dimension of the fireball, not the height of the fireball above ground.

‘ ‘ ‘That is, when the £1reball lifts off the ground, height-becomes the verti-
] o .. cal dxameter of the fu-eball o . -

ey R R R

The fireball \gro\vth m CD 96 is shown in Fl,gure 16 Only the firébdll
diameter is graphed, because all the cameras had the charge so high in
the frame. that the top of the fireball was very quickly out of frame,- which I
prevents height measurement. Excellent agreement is seen to have been ‘

- ‘ ‘reached in the films taken at’ camera station. F and G. Other records are
4 ' ' _.not reducible, either because of (1} poor focus, (2) too great 'a range of

Lo ' camera speed from the begmning of the event to the end, or (3) because

- . .| the posts near the charge. which are used to obtam a dutance sca.lmg

‘ .‘factor, were not detected in the filia, o ‘
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0, |
' ! K Tha fxzbzl’ Listiay in O5-30 is shown in rigure 17. The short duration
P oI the mformatxon is agam & result of poor framing.
k3 i “
‘ P

. o The CD 98‘ fireball growth, ‘f‘rom the film taken at camera position D, is
. ‘ C _shown'in Fxgure 18. The 'spikes'" al the very start of the curves are
oo - the measureme¢nt of the initial flash size. The fireball bistory, plotted
e in Figure 19, nhowa the fireball had a total duration time of 4. 25 sec, a
o B maxxmum dxameter ot 410 ft and a maximiun he1ght of 345 ft. ‘

e,

3.5 PROPELLANT DEFECTS STUDY

3.5.1 Task ommtive o

T R4 AR AT AR, PR ¢ AR A | PR T

;- , o - In the mterest of developing capabﬂltv m produx mg controlled detec sin. |
composxte px‘ol)ella.nt and developing methods by which the defects can be .

L :
F a.na.lyzed ‘the Renearch and Teclmology Operaticns of Aerojet® s ‘ ]
et ‘ Sacra.mento Plant has begun a development study that has the followmg e ;
" ‘ objectiveen ‘ ‘ L
’ a. “1Attempt to synthesxze umformly porous propellant havmg
- . average pore sizes of'(1) 0.1 lmm dxameter and {2) near
b \\10'.]. dlameter
. Lo b, ) Syntho.uze the materia.l in (a) fo 5 - 10% and 20 - 30% |
o P Tl e ) porosltxeaﬁ ‘ . |
S c ;Prgpare cracked grams havin approxunate Surface aréa . N
E“ : SRR S ‘rper yuit volume of 10 - 15 cm /crns and 40 - 50 cm /cm3 .

. ““‘,\.Develop techmques to charac.tenze defe«,txve propellant
"‘made in tect:ons (a) - (e} ‘

] | :‘
[«%

s

B , 3. 5.2 Progress

The maJor efiort has baen directed ty the. yroduccmn and. chara\_terxza-
©. tion-of unconhected pores in ANB 3226 propellant Fuurteen 10-1b .
ibatches have been prepawd

= Ta

i
1
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In twc batches, the binder ingredients, excluding diepoxide resin (DER),
were preblended in beakers and subjected to 3 hr of gas entrainment by
“bubbling extra-dry nitrogen through the binder at a flow rate of 55.5 ml/
sec. One binder was held at 130°F and the other at 77°F during the
nitrogen adsorption period. Both batches were mixed at 135°F without
vacuum and vibrated for a short period to bring the air entrapped during
mlxmg to the surface.

'i Sixv{ff3 by 5 by l-in. plastic contairers were cast from each batch. Two

j"t:c_:ritainers from each batch were cured at each of three temperatures:
110, 135, and 150°F. This was done to determine whether the adsorbed
mtrogen in the binder would be affected by the cure temperature. As
expected the propellant cured at 135 and 150°F cured to Shore "A' hard-
ness values of 28 to 34 in 1 week. The samples cured at 110°F for 1 week
were placed at 135°F for an additional l-wcek cure cyclc Samples {rom
Lhe four plastic containers cured at the higher temperatures were ex- -

‘ annned microscopically; densities of these will be determined to establish
the total porosity. '

Prelmunary microscopic examination indicates that pnres of varying size
Wlthln the desired range (0.1 to lmm diameter) were arhieved and their
dlstrxbutlon was affected both by nitrogen adsorptionin 1 "inder and
the temperature of cure.

I.n the next six batches the binder ingredients (excluding the DER) were
‘Cowles dissolved at 2400 rpm under a nitrogen blanket to achieve com-
plete homogeneity of the binder. In order to remove the nitrogen worked
+into the binder by Cowles dissolving, the binder was degassed at ambient
temperature for 6 hr at 29 in. of Hg vacuum. A study of the gas entrain-
ment into a degasses binder was accomplished with standard laboratory
sgas flowmeters and heating mantles. The change in viscosity with tem-
_perature was measured with a Haake rotoviscomeier and is shown in
Figure 20. These data indicate that an appreciable change in viscosity
‘occurs between 80 and 140°F. This change in viscosity is useful in the
‘production of various size nitrogen bubbles in this binder. At ambient
temperature {77°F) nitrogen bubbles of approximately lmm are pro-
“duced. The size distribution of these bubbles at this temperature is in

a very narrow range. At 140°F the production of very sm=all bubbles
stakes place. A variation in the gas flow rate at ambient temperature
“from 13.5 ml/sec to 55 ml/sec produces a marked change in the number

" of .gas bubbles. At 55 ml/sec numerous bubbles are produced: - How-
ever, at 13.5 ml/sec flow rate, a significantly smallier numbear of bubbles
is formed. This eifect of difference resulting from gas flow is not pre-
* sent at 140°F. i : —

)

e
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The\ tr;lx batchns of ANB 3226 propellant were made without vacuum

Binder Temperauwn Gas Tlow Rate
Batch No. (°F) (ml/sec)
1 140 25
2 77 25
3 77 55
4 77 10
5 140 55
6 140 Lo

\  This test plan aliowed test of variation in temperaturc of the binder with

“the gas flow held constant and variation of the gas flow with the binder

temperature held constant. Three 3-in. by 5-in. by 2-in. plastic con-
tainers were cast fron: each batch and cured at 116, 135, and 150°F
¥ These samples were trimmed. The density data with the test plan and
" processing variables used are presented in Table 14. The first set
shown on the table indicated that the density of the propellant was sig-

n1f1cantly décreased by maintaining a high submix temperature during

vaeratlon However, the second test set, in which flow rate was added
‘as a variable, showed that the only significant factor causing a change

in the propellant density was the cure temperature; as the cure tempera-
ture increases the propellant density becomes greater. Although these

‘significant effects were observed, the resulting void percentages are

far too low and the noted effects may disappear when processes are found
to produce higher void percentages.

The microscopic study of voids is being performed at two magnifications
(1) macrophotography of block sample, and (2) microscopic examination
of microtomed thin sections at 125X. From examination of photographs
of Set 1, it was seen that the aeration at the highest temperature resulted
in the smallest voids with the most uniform distribution. Noc difference
in cure temperature could be seen. From photographs of Set 2, :he dif-
ference in cure temperature was easily visible; the low temperature cure
samples had more voids. The other processing differences, flow rates
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"and binder temperature, could not be seen from the photographs. Micro-
scopmally, the smallest voids in all the samples are the same and mea-

‘sure about 0. 10mm diameter. The voids range to lmm in size with

a few in some cases up to 3mm.

»Work is in progress to develop a method for the statistical evaluation of
the void content of the samples from microscopic examination. A line-
intercept method has been devised for this study which will permit evalu-
ation of samples found to be homogeneous enough for countmg of void
dzstnbutmns

§L"S1x addn:mnal batches of 10-1b batch size were prepared to study submix

aerated with nitrogen during Cowles dissolving but not subsequently de-

gassed and reaerated as with previous binders. (Submix contains all

- binder ingredients except DER, the diepoxide curing agent.) Submix

" sufficient for the preparation of two batches was master batched and

. Cowles dissolved under a nitrogen blanket. The density measurements

" were made on the first and second cut of this submix for Batches 1 and 2.
Since frcthing does occur, the first cut is always less dense than the
second. The density of the binder varies with the standing time after
Cowles dissolving. Table 15 indicates the extent of this change. These
data indicate that in less than 4 hr the frothing or foaming has broken
and the density has increascd to a value that is stationary for at least

24 hr. Although small gas bubbles can still be seen in the binder, the

liquid density (within the limit of accuracy of this liquid density measure-
‘ment) is close to that of the degassed binder. This shows that the Cowles
dissolving method of introducing gas bubbles will be highly time depen-
dent. Also, the liquid density of the aerated binder is dependent upon

the prccedure for Cowles dissolving. ' However, a fairly precise liquid
density may be achieved in.the aerated binder, and propellant batches .

~were prepared with liquid densities from 0.8406 to 0. 9260 gm/ml.



Table 15.

Dens ity tmmediately
After Cowles

~ Sample - Dissolving
" Number {gm/m1)
1 . 0.8777
. 2 0. 8740
| 3 . 0.8784

-d
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Effect of Standing Time on Density of
Aerated ANB-3226 Binder.

Density at Various Times
After Cowles Digsolving

(hr)

4 8 19 24
0.9255 - - 0.9260
- 0.9298 0.9298 -

- 0.9323 09333 -
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_addltmn to the study of Cowles dissolve aeration, it was thought
at mixing ‘and casting techniques should be studied. The following
st plan was used

b 3 Liquid Density
Batch - of Binder

Nmnber " (gm/ml) ' Change in Mixing and Casting Technique
i 1 : . 0.8515  None; low density binder

0.9260 None; high density binder .

0.8475 None; control for new submix

0.9145% Same as No. 3 except Al is added with

DER to submix to increase visosity; de-
crease foam

0. 8406 Same as No. 4 except a new submix and
’ new day of mixing is invoived (Control)

0.8556 Same as No. 5 except vacuum casting

: F*Una.ble to achieve low density binder by Cowles dissolving because
...of too small an amount of sub::ix left for this batch.
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